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Abstract 
Simultaneous measurements of thickness and temperature profile of the lubricant film at chip-tool interface during machining 
have been studied in this experimental programme. Conventional techniques such as thermography can only provide temperature 
measurement under controlled environment in a laboratory and without the addition of lubricant. The present study builds on the 
capabilities of luminescent sensors in addition to direct image based observations of the chip-tool interface. A suite of 
experiments conducted using different types of sensors are reported in this paper, especially noteworthy are concomitant 
measures of thickness and temperature of the lubricant. 
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1. Introduction 
The temperature variation during machining processes has drawn significant attention due to its obvious 
importance in the manufacturing sector, especially in understanding tool wear and energy consumption. 
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Investigations on temperature have been carried out using different experimental techniques such as embedding 
thermocouples in the chip and tool, using thermography (Infra-Red imaging) [1-3] etc. Results from these various 
experimental studies show an elevated temperature during chip formation at the deformation zone; however, these 
studies require a controlled laboratory environment and lubrication-free conditions. A novel temperature 
measurement technique using luminescent sensors has been developed in the early 90’s with applications 
predominantly in the aerospace engineering sector [4]. This technique has been further successfully adapted to make 
temperature measurements at the microscale in MEMS devices [5]. Temperature variations have been successfully 
acquired inside these micro devices with spatial resolution of a few micrometers. This paper presents results of 
experiments conducted on manufacturing processes such as machining in order to investigate the development of 
temperature at the intimate contact region. The direct observation of temperature evolution during machining was 
possible because of the utilization of luminescent sensors concomitant with an optically transparent tool; additionally, 
this experiment also provides essential tribological information of chip-tool contact interface. With carefully selected 
luminescent sensors and imaging techniques, the film thickness and temperature profiles of lubrication fluid can be 
measured. 
 
2. Background of luminescent sensors 
Luminescent sensors have been used to measure surface and fluid temperatures with a spatial resolution of a few 
micrometers. Simultaneous measurements of surface temperature and fluid temperature can be made by spraying the 
mixture of sensor and polymer binder on the surface and mixing luminescent sensor in a lubricant, respectively. 
Luminescent sensors mixed with polymer binder and sprayed as regular paint is known as Temperature Sensitive 
Paint (TSP) [6]. The details of applying luminescent sensors on the surface and for measurement of the temperature 
of a fluid can be found in Ref [5]. However, the luminescent intensity changes not only because of the temperature 
variation in the environment but also the variation in amount of luminescent molecules presented in the fluid, which 
is directly proportional to the fluid film thickness assuming a homogeneous distribution. The correction to the 
luminescent intensity taking into consideration the fluid film thickness has been applied to the temperature 
measurement. However, it should also be noted that the film thickness measurement (without any effect of the 
temperature) can be performed by selecting luminescent sensor which have no temperature dependence as has been 
reported in Ref [7].  
The fundamental principle of temperature sensing using luminescent sensors is thermal quenching form an 
excited sensor molecule leading to luminescence. The energy transfer through de-excitation includes the emission of 
luminescence and the vibrational decay which dissipates energy in the form of heat. As the temperature increases, 
vibrational decay increases and luminescence decreases. During the experiment, the luminescent sensor molecules 
are excited with a UV light source, and the luminescent intensity of emission is measured by a CCD imaging system. 
The luminescent intensity and excitation light are separated using optical filters. In the current study, a polynomial 
fit of calibration data is required to estimate the temperature from the measures of the intensity of luminescence:  
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where I is the luminescent intensity, T is temperature, and ref is the reference condition established during the 
measurement. Many luminescent molecular sensors have been calibrated and utilized to map temperature fields at 
high spatial resolution in several applications in aerodynamics and fluid mechanics [4]. Each molecular sensor has 
unique characteristics such as excitation and emission wavelengths, sensitivity, and measurement range (-196 to 200 
°C with accuracy as high as 0.01 °C). An overview of luminescent sensor methods and their applications can be 
found in Ref [6].  
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3. Experimental setup 
Two luminescent sensors were applied during the experiments. A pink luminescent sensor, (prepared by mixing 
20 mg fluorescent pink-which has no temperature dependence; with 40 ml Coolube) was used for thickness 
measurement of the lubricant film. Europium III Thenoyltrifluoroacetonate (EuTTA) was selected as the 
temperature sensitive probe (application temperature range: 20 to 80 °C). The temperature sensitive lubricant is 
made by mixing 60 mg EuTTA with 40 ml Coolube, (which is called as the TSP sensor). The thickness calibration 
of TSP sensor was performed in controlled experiment with a stainless steel block machined with 5° inclined angle 
to retrieve the relation of luminescent intensity and film thickness. A thick glass block was positioned on the top of 
stainless steel block to create a gap of known thickness. The test rig was then placed inside a temperature controlled 
chamber and temperature was gradually increased from 23.9 °C to 79.3 °C. The luminescent intensity from TSP 
sensor with known film thickness at different temperatures was acquired with a PCO1600 camera with 600 nm long 
pass optical filter. A UV lamp with 365 nm wavelength is used as excitation light source. By calculating the gap 
between the inclined stainless steel block and the glass block, the calibration between thickness and intensity counts 
was obtained. The temperature variation of TSP sensor with different thickness is shown in Fig. 1(a) and it is clear 
from the figure that the luminescent intensity is dependent on both film thickness and temperature. It is very 
important that measurement of thickness of film be made concomitantly during temperature measurement for an 
accurate estimate of the temperature. Fig. 1(b) shows the calibration between temperature and fluorescent intensity 
of a TSP sensor. In order to study the lubrication film thickness and verify the thickness measurements from TSP 
sensor, the pink luminescent sensor was applied during machining process after the TSP sensor application. 
To demonstrate the feasibility of simultaneous temperature and film thickness measurements using luminescent 
sensors, a 2-D orthogonal machining configuration was chosen in this study.  A transparent sapphire tool (built on 
the principle of total internal reflection was used in the observation of the region of the intimate contact [2].  The 
cutting tool was positioned at a +10° rake angle and 5° clearance in the series of experiments. Cartridge brass plate 
(thickness: 1.65 mm and the length: 200 mm) was selected as the workpiece material for the machining. The cutting 
tool was held stationary while the workpiece is moved perpendicular to the cutting edge by a ball-screw driven 
linear slide. Both luminescent sensors were applied during the machining process as regular lubricant. The rake face 
image during machining was recorded with a high-resolution CCD camera positioned on the side as shown in Fig. 2. 
The characteristics of luminescence measurements is affected significantly with the location of excitation light 
source and intensity change due to internal reflection inside the sapphire tool and have to be considered during the 
calibration of film thickness and temperature data. Therefore, an in-situ calibration was performed during the 
machining process using a rectangular calibration bar cut from the workpiece. The calibration bar was attached to 
the rake face of sapphire tool and a gap was created between calibration bar and tool surface by inclination. This gap 
between the tool and calibration bar was measured with a microscope prior to the experiment and it was later filled 
with luminescent sensor during the machining process to serve as the calibration region. The in-situ calibration has 
the advantage of reducing errors between calibration rig and the actual measurement..  
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Fig. 1.  (a) Intensity variation of luminescent sensor versus thickness from 23.9 °C to 79.3°C and (b) Temperature calibration of luminescent 
sensor EuTTA with Coolube. 
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Fig. 2. Illustration of luminescent sensor experimental setup of applying luminescent sensor with transparent sapphire tool in orthogonal 
machining. 
 
4. Results and discussion 
During the machining experiment, the luminescent intensity at chip-tool interface was recorded by the CCD 
camera positioned at side through internal reflection inside the sapphire tool. To demonstrate the feasibility of 
utilizing luminescent sensor in machining experiment, the lubrication thickness measurement was carried out at 
machining speed of 10 mm/s and depth of cut of 100 μm. The film thicknesses measured by pink fluorescence 
shows that the thickness varied from near zero at cutting edge to around 40 μm at 200 μm away from the cutting 
edge. The measured lubrication film thickness profiles at the cutting edge during machining processes are plotted in 
Fig. 3. The lubrication thickness was examined during the machining process and when paused, accordingly the 
results were noted as “on” and “stop” conditions, respectively. The film thickness recorded during the pause was to 
examine the difference between “on” and “stop” conditions and the difference was less than 10 μm. The result was 
verified by several trials of the experiment. The lubrication thickness was also estimated with the TSP sensor using 
the same procedure and the data showed good agreement with those from pink fluorescence.  
The TSP sensor was also used to retrieve temperature profile of the lubricant layer. When TSP sensor was 
applied, the luminescent intensity changed not only with temperature variation but also with the lubrication 
thickness (the thickness of the lubricant varies in the chip-tool contact region as indicated earlier). In order to correct 
the intensity variation due to thickness variation, a reference image was captured during the paused state to estimate 
the film thickness profile. The reference image was taken after pausing the machining process for five minutes when 
the fluid temperature was cooled to ambient temperature. The results obtained by pink fluorescence have proved that 
the film thickness during machining process and paused conditions are similar. The in-situ calibration was also 
carried out during the measurement and a portable heater which was attached to the sapphire tool and calibration bar 
controlled the temperature.  Luminescent intensity images recorded at different temperatures were normalized with 
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the reference image to correct for the non-uniform irradiation from excitation. The temperature profiles of 2D 
orthogonal machining in Fig.4 were acquired at rake face with the brass workpiece. In Fig. 4, the temperature rises 
to ~32 °C at the cutting edge, then decreases to ambient temperature (22 °C) away from cutting edge. The region of 
increased temperature is limited in the periphery of the cutting edge. It has been reported in Infra-Red measurement 
of 2D orthogonal machining that the region of maximum temperate rise is located at the region of the highest strain 
rate [8] or the zone of severe plastic deformation, which is closest to the cutting edge. The lubricant at the region 
near cutting edge has a lower film thickness and the temperature of the lubricant at this region increased to 32°C; 
while the region away from cutting edge, which has a higher film thickness stays at ambient temperature. It should 
be noted that the temperature profile measured by the TSP sensor is the temperature of the lubricant only, is not the 
temperature of the chip or tool. 
Fig. 3. Lubricant film thickness distribution from the cutting edge. Data acquired with luminescent sensor and EuTTA TSP sensor. 
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Fig. 4. Temporal evolution of temperature profiles (a) to (c) acquired at rake face during machining process.. 
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5. Conclusion 
An experimental study was made in this programme in order to obtain full-field measurement of lubricant film 
thickness and temperature profiles at the tool rake face using luminescent sensors. The measurement was executed 
with addition of lubrication fluid during machining. The acquired lubrication film thickness and temperature profile 
provide extensive tribological information of the thickness of the film during application of lubrication in addition to 
the changes in temperature during machining. These observations provide a unique opportunity to understand the 
efficacy of lubrication during machining, in the zone of intimate contact. The assessment of temperature at the 
crucial tool-chip interface was possible by simply observing the intensity variation. This technique can also be 
applied to monitor the distribution of volume of lubricant during machining to find optimal usage of the lubricant. 
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